The 
Introduction
The industrial robot [1] [2] is composed of a mechanical body, control device, driving system and detection and sensing device. It is a humanoid operation, automatic control, repeatable programming, and can be used in three-dimensional space to complete a variety of mechanical and electrical integration of automatic production and processing equipment. It plays a very important role in stabilizing and improving the quality of products, the production efficiency, the working conditions and the rapid upgrading of products. Robot technology [3] [4] [5] is the combination of computer control theory, multi discipline mechanism, information and sensor technology, artificial intelligence, bionics. It is extremely active and can be widely used in various fields.
Spraying robot [6] [7] [8] [9] [10] is one of the most important advanced coating production [11] and processing equipment. Its advantages can be shown in following several aspects: (1) the large flexibility and wide working scope; (2) improving the spraying quality, spraying efficiency and material utilization; (3) easy operation and maintenance, and off-line programming; (4) the high utilization rate. Due to the programming ability, the spraying robot is applied to all kinds of situations, such as the automotive coating industry [12] [13] and aerospace coating industry [14] [15] . In the automotive coating industry, the automobile front cover, bumper, luggage, engine parts and other components can be sprayed. In the aerospace coating industry, the special equipment surface coating can be realized according to the different requirements of the material. Due to the wide application range and work in the case of dangerous and environment, spraying robot has been widely used.
In the process of spraying operation, the mechanical arm of the spraying robot is around the surface of the workpiece to complete the spiral motion. With selection of the appropriate trajectory [16] [17] [18] [19] [20] and parameters in the spray process, production efficiency can be significantly improved. The spraying effect of spraying robot is related to the surface shape of the workpiece, the parameters of the spray gun, and way of the trajectory planning and other parameters. For products, such as the surface of the rocket, automobile, furniture and other products, the spraying effect on its surface will directly affect the quality of the product. Product surface finish depends on the surface of the coating uniformity to a certain extent. If the surface coating uniformity is not high, bumps of the solvent will appear, which can cause production with the unsmooth surface or product damage due to the surface heat stress concentration caused by the ununiformed heat effect. Meanwhile, coating with bigger thickness is prone to rupture in the use of the process, which can result in the waste of spraying material. With the rapid development of CAD/CAM technology [21] [22] [23] and the improvement of product quality requirements, optimization of the spray gun trajectory is with increasing interest. In order to meet the new requirements of spraying operation and the production target with high efficiency and the low cost, research on the new model and the optimization method of the spray gun is a hot spot.
Aiming at the path design and optimization problem [24] of spray gun of spray robot for the plane, the minimum variance between the coating thickness of the arbitrary points on the surface and the ideal coating thickness on the whole surface is proposed as the objective function. Meanwhile, the influence of the spray gun trajectory, velocity curve, gun mode and spray opening angle on the spraying effect should be discussed. Based on this work, the effectiveness of the numerical method to solve the optimization trajectory is studied after adding the constraint conditions. For the thermal spraying robot [25] [26] for rotating object, the coating accumulation model and optimization of the trajectory of the robot have been studied, and a simple mathematical model is used to simulate the accumulation of coating in different spraying distance and direction, and an iterative method is put forward to optimize the trajectory of the spraying robot.
For the trajectory planning of spray painting robot on the curved surface, off-line CCD camera method is used to obtain the CAD data of the workpiece. Based on this, the design method of the 3D trajectory of the spray gun spray robot is discussed, and the related principles of the 3D space path design of the spraying robot spray gun are proposed. The key factors of distance between two spray paths are pointed out. In addition, the dynamic performance of the spraying robot is also used as a breakthrough point for the optimization of the spray gun trajectory to reduce the paint waste and motor load. In the premise of quality ensuring of the coating, various parameters of the spraying process are optimized.
On the problem of the path design with the surface of the workpiece, the surface CAD model based framework of automatic spray gun trajectory generation system is proposed, which can be widely applied to other similar fields. The practicability of the system has been improved. Meanwhile, under the framework of the automatic generation system of gun trajectory, the multi-objective optimization problem of spraying effect is also studied, and a trajectory optimization method is presented to optimize the spraying time and coating uniformity, and the combination optimization problem of spray gun trajectory on complex surface is firstly proposed.
The spraying problem of complex curved surface can be optimized by the method of surface patch. By establishing the optimization objective function with constraints, CAD model of the surface is processed with triangulation. Combined with the coating thickness allowance error and the topology relationships between the triangles, the surface is sliced and defined that at least one boundary of the latter pieces containing the boundary information. This can help the planning of the average normal vector of the latter pieces as the jet direction so as to complete the complex surface of the work piece. In addition, the mathematical model of air spray gun on the free surface is established after the coating accumulation rate model is established.
For the path planning method of spraying robot on complex free surface, the objective function is established to optimize the path model and spray gun direction, which lays a theoretical foundation for the research of spray robot trajectory optimization on complex free surface. Continuous path can be obtained by the optimization method for path interval based on the space frequency domain method. This method can meet the quality requirements of the surface coating thickness. In view of the characteristics of the vehicle's complex vehicle door surface, the mathematical model of the spray gun is established based on the injection mechanism. The accurate mathematical model of the gun has been proposed and the influence of the geometric parameters of the complex free surface on the spray trajectory optimization is analyzed. According to the curvature change of surface, the surface can be meshed into a series of simple surfaces. On these surfaces, the properties of geodesic in the differential geometry is used to select the proper curve. Here, the Gauss-Bonnet theorem will give the theoretical support. After the determination of the proper curve, the offset curve can be obtained according to the distance from the curve and the proper curve. For the optimization of the offset distance between the offset curve and the proper curve, based on difference between the mean curvature and the Gauss curvature, the simple surfaces can be classified into planar, spherical and extrusion plane to discuss the optimal scheme. These curves generated by the method is the trajectory of the spray gun on the simple surface, and finally, the optimal objective function is established and solved.
Besides, the optimization problem of spray gun trajectory at the junction of patches is also very important. According to the establishment of the optimization objective function, spray rate and track spacing on the spray gun trajectory is solved. The simulation experiments show that the position relationship between spray gun trajectory and patches has great influence on the coating uniformity.
Due to the complexity of the surface of the workpiece, the trajectory design and optimization of the spray gun is still in continuous research, and certain results had been achieved. However, there is still room for improvement. In this paper, trajectory design of the spray gun and the effect of spraying process are studied, which can provide reference for the optimization of the spraying process. The reminder of the paper is organized as following: (1) the trajectory design is introduced in Section 2; (2) the mesh method for complex surface is introduced in Section 3; (3) the verification is described in Section 4; and (4) the conclusion is shown in Section 5.
Trajectory Design
According to the principle of the path planning of the nozzle and the characteristic of the rotating curved surface of the workpiece, the spiral spraying tool path is adopted, as shown in Figure. 1. The spiral nozzle has good continuity, which can keep the direction of the head of the nozzle and avoid too much other wasted motion. It is helpful to ensure the quality of surface spraying. The spray head path can be fed at a given speed along the curved surface of the workpiece through driving the spraying tool and the workpiece with low speed. The row spacing of l  is determined by the feed rate f v of the spray head. The relation between them can be described as:
It can be seen that the quality of spraying can be improved according to decrease the row spacing with improving the workpiece speed w v when processing efficiency keeps constant. Figure 2 shows the trajectory of spraying nozzle when spraying the complex surface. The dotted line represents the complex surface, and the solid line shows the path of the nozzle. When spraying the complex surface, the surface can be directly rotated to realize the spiral nozzle trajectory. When the spraying nozzle crosses the vacant area (area without spraying process), the motion of the complex surface will change from rotating the whole circle to reciprocate with a certain angle, and vacant area will not be sprayed. For other parts of the body, complex curved surface still needs rotating spiral spraying tool path. generatrix with certain speed, and the workpiece moves around Z axis with rotating speed. Then, it will form the spiral tool path.
Figure 1. The Spiral Spraying Tool Path
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In the period 
Then the spray rate will be:
The position of the nozzle will be:
The feed rate at each direction can be calculated by: The coating thickness increases with the decreasing of the spacing between two neighbouring spray gun paths. Therefore, the coating thickness can be adjusted by the spacing between neighbouring pathes of the spray gun. The spacing is related to the workpiece rotating speed. If set the spacing as 
According to the description, The spray rate can be used to control the speed of each axis. Here, in order to prevent inhomogeneous coating thickness caused by the nozzle shape changing, rotating nozzle, which utilizing the reverse thrust of the paint sprayed, is used to improve the uniformity of the paint.
The Slicing Method for Complex Surface
In the actual production process, most of the product shape are complex free-form surface. A schematic view of a free curve surface is shown in Figure. 4. It is difficult to directly write mathematical expressions for the surface. Therefore, research on robot trajectory optimization method has great significance on the complex free surface spraying. But due to the complexity of the character of the free surface geometry and spraying effect affected by many factors, gun trajectory directly optimized on the free surface has a certain degree of difficulty. Especially when the free surface appeared with large curvature, number of patches generated in the region will be more than other regions according to the existing spray theory. Meanwhile, patch size and shape will be small and narrow, which goes against the next step of trajectory optimization. 
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In this paper, an apropriate method is developed for the free surface slicing. For a large free surface, it contains both small curvature part and larger curvature part. In order to make the spraying effect on the two parts of the surface keep equally well, it is necessary to divide the surface into two parts separately. From the pre-set coating thickness error and airbrush spray radius, large free surface is firstly planning into small curvature and large curvature group, and then different slicing algorithm for different group is given. The detailed algorithm is described as the following:
(1) Large free surface is divided into triangular parts by topology algorithm, and set the coating thickness error range, spraying radius and the slice regularity coefficient.
(2) According to the principle of geometric topology, connect the triangles to form a larger slice. If the geometry parameters of larger slice generated is with larger curvature, the next step will be executed. Otherwise, step 4 will be executed. The curvature can be set with a certain value.
(3) Extract the curved surface with larger curvature, the triangulation of the surface will be restored to the original state. The restored surface will be discreted by the isoparametric method, and the discreted surfaces will be fitted by special methods, such as least square method.
(4) Extract the curved surface with smaller curvature, the processed surface can be seen as a plane or a natural curve surface.
It can be seen from the above algorithm, before the spray trajectory optimization, a large free surface is sliced into a combination of a number of approximately plane and several approximate natural curve surfaces. The slicing of the complex surface is completed.
Verification
For an ideal spray gun trajectory model, it should have good adaptability to all kinds of curved surface with spraying uniformity. In order to verify the validity of spiral spray gun trajectory, the simulation experiment has been developed. In the simulation, spray parameters are set as following: (1) the amount of paint is set as 225 ml/s; (2) spray cone angle theta is set as 0゜; (3) If the spraying time is equal for the two workpiece surfaces, two different coating thicknesses will appear, as shown in Figure. 5. In the figure, the upper line is the thickness distribution curve of a concave circular arc surface, while the lower line is the thickness distribution curve of a convex circular arc surface. When the spraying time is modified, coating thickness of the two kinds of circular arc surfaces will be almost the same just under simple conditions without modification of the nozzle path. The comparative study indicated that the spray gun path model can better describe the actual injection pattern, and it also has a certain degree of adaptability to the curved surfaces. This experiment also can verify the feasibility of the modeling method.
In order to verify the surface slicing method, a curved surface has been used as the study object, as shown in Figure. 4. With the spray method, the distribution of coating thickness along the X axis is shown in Figure. 8. It can be seen that the thickness is almost the same. Even at the surface part with larger curvature, the thickness still keeps with little difference. 
Conclusion
As one of the most important kinds of the industrial robot, spraying robot is an advanced coating equipment. It has the advantages of considerable flexibility and wide working scope, high spraying quality and material utilization efficiency. In the process of spraying process, the mechanical arm of the spraying robot is around the surface of the workpiece. With selection of the appropriate trajectory and parameters in the spray process, production efficiency can be significantly improved. Therefore, how to plan the trajectory has great meaning to the energy and material saving and the efficiency improving.
In this paper, the spray gun trajectory and spraying effect are studied. The concave and convex surfaces are adopted as the study objects. In the simulation, when the spraying time is equal for the two workpiece surfaces, two different coating thicknesses will appear. The thickness on the concave surface will be bigger and that on the convex surface will be thinner. When the spraying time is modified, coating thickness of the two kinds of circular arc surfaces will be almost the same just under simple conditions without modification of the nozzle path. The comparative study indicated that the spray gun path model can better describe the actual injection pattern, and it also has a certain degree of adaptability to the curved surfaces. The experimental results show that the spray trajectory and spray effect is available. Meanwhile, the slicing method for complex surface also gives a better performance. The method can also be used in other fields to get better performance.
